In the past 2 decades we have observed an extensive use of different neuroimaging techniques to evaluate patients with status epilepticus. Magnetic resonance imaging (MRI) in particular may show a broad spectrum of abnormalities that are either the causes or the consequences of sustained epileptic activity. Neuroimaging techniques can offer a contribution both in the clinical management of individual patients, identifying hemodynamic patterns that support the diagnosis, and also in the recognition of periictal reversible or irreversible alterations. For the future it is necessary to develop larger and prospective studies in which imaging techniques and electroencephalography (EEG) recordings are acquired closely to understand which EEG patterns are related to imaging biomarkers of neuronal damage.
Summary
In the past 2 decades we have observed an extensive use of different neuroimaging techniques to evaluate patients with status epilepticus. Magnetic resonance imaging (MRI) in particular may show a broad spectrum of abnormalities that are either the causes or the consequences of sustained epileptic activity. Neuroimaging techniques can offer a contribution both in the clinical management of individual patients, identifying hemodynamic patterns that support the diagnosis, and also in the recognition of periictal reversible or irreversible alterations. For the future it is necessary to develop larger and prospective studies in which imaging techniques and electroencephalography (EEG) recordings are acquired closely to understand which EEG patterns are related to imaging biomarkers of neuronal damage.
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| INTRODUCTION
In the past 2 decades we observed an extensive use of different neuroimaging techniques to evaluate patients with status epilepticus (SE) in the periictal and postictal phases. This recent development is underscored by the increasing numbers of reports on this topic. A PubMed search including the terms "neuroimaging" and "status epilepticus" revealed more than 400 articles.
Magnetic resonance imaging (MRI), in particular, may show a broad spectrum of abnormalities that are either the causes or the consequences of sustained epileptic activity. However, even if there are many reports about these phenomena, the literature lacks well-designed prospective studies that exactly define and classify them, especially in relation to the timing of their appearance and the related EEG features.
| A PHYSIOPATHOLOGIC

FRAMEWORK FOR PERIICTAL IMAGING ABNORMALITIES
During seizures, an increased metabolic demand is coupled with an increase in cerebral blood flow (CBF); thus the cellular energy status is generally maintained. If ictal activity persists, as occurs in SE, an increase in glucose utilization and oxygen extraction is needed, which cannot be adequately matched by the enhanced blood flow. As a result, the blood flow-metabolism ratio is uncoupled, leading to a reduction of high-energy adenosine phosphates and tissue hypoxia, thereby stimulating anaerobic glycolysis. It is conceivable that the initial regional hyperperfusion serves as a compensatory mechanism, although it is often insufficient to prevent the stimulation of anaerobic glycolysis in the situation of prolonged ictal activity. 1, 2 In such a condition the pathologic explanation for MRI changes following SE is mostly extrapolated from studies on animal models in which there is evidence that the widespread neuronal injury can be caused by a number of mechanisms including, among others, ATP deficiency due to failure of Na/K ATPase pump, lactic acidosis, release of excitatory neurotransmitters such as glutamate, and release of inflammatory mediators.
3 Figure 1 shows a schematic representation of a possible scenario and related MRI changes.
Periictal MRI abnormalities are characterized by areas of restricted diffusion, suggesting cytotoxic edema represented by high signal in diffusion-weighted imaging (DWI) sequences and corresponding low values of apparent diffusion coefficient (ADC). In some cases, the high DWI signal is accompanied by high signal in ADC map and corresponding hyperintensities in T2-weighted and fluidattenuated inversion recovery (FLAIR) sequences representing vasogenic instead of cytotoxic edema. 4 Of interest, especially in focal seizures, coherent and reproducible patterns of MRI alteration can be found in the areas of the highest seizure activity (eg, neocortex or mesolimbic structures) as well as in remote areas (eg, the homolateral pulvinar nucleus of the thalamus, the contralateral cerebellum, the basal ganglia, and the claustrum) showing that during SE sustained ictal activities involve complex cortico-subcortical networks. 2, [5] [6] [7] [8] [9] [10] [11] [12] These alterations are frequently transitory in nature, and thus they completely or partially disappear on the follow-up MRI scans. However, in some cases, especially in prolonged SE, these alterations could be present for a long time and they can generate permanent structural damages such as cortical laminar necrosis, mesial temporal sclerosis, and focal brain atrophy, with a consequent permanent functional damage and chronic epilepsy development (see Figure 1C) . 13, 14 Notably, because periictal MRI abnormalities reflect the failure of an energetic balance between energy demand and energy supply, it would be important to know the exact time of their appearance and disappearance. Unfortunately, however, such knowledge is lacking and MRI alterations are extremely variable among different patients and different forms of SE (see Table 1 to take into consideration some relevant issues that are only partially known).
Here we do not extensively review previous studies rather we aim to focus on 2 specific areas of research about the use of neuroimaging methods in status F I G U R E 1 A, Conceptual cartoon illustrating a possible relation between energy supply, energy demand, and observed periictal imaging changes. After the initial coupling between energy demand and perfusion (dotted line), a mismatch between the 2 can be observed. Depending on the duration of the status and of the increased energy demand, reversible or irreversible tissue changes can develop (B and C, respectively). To meet the increased glucose and oxygen demand of the epileptogenic cortex (network), ictal hyperperfusion first appears, secondarily vasogenic and cytotoxic edema (changes in diffusion-weighted sequences) follows, resulting from uncoupling between metabolism and circulation. B, Axial fluid-attenuated inversion recovery (FLAIR, left) showing signal hyperintensity involving the right frontomesial cortex, with correspondent increased signal on diffusion-weighted image (DWI, right). These reversible abnormalities were observed on the MRI acquired the day after the end of an NCSE of 6 hour duration in a 64-year-old woman. Follow-up MRI was normal (not shown). C, Coronal FLAIR sequences showing progressive diffuse atrophic evolution and development of bilateral hippocampal sclerosis in a long-lasting super-refractory status epilepticus in a 36-year-old woman. d, days from status onset
Key Points
• Neuroimaging is useful in acute and chronic phases of status epilepticus (SE) • MRI diffusion images allow identification periictal reversible or irreversible alterations induced by SE • Perfusion analysis can support differential diagnosis in acute situations allowing rapid treatment • The development of large, prospective, and multicentric studies in which imaging techniques and EEG recordings are acquired closely is mandatory epilepticus: (1) to assist the diagnosis of nonconvulsive SE; and (2) to evaluate the type(s) and duration of ictal activities that are associated to periictal imaging abnormalities.
| NEUROIMAGING METHODS TO ASSIST THE DIAGNOSIS OF NONCONVULSIVE STATUS EPILEPTICUS
Although a clinical diagnosis is often clear in the convulsive form, in nonconvulsive status epilepticus (NCSE) a correct diagnosis can be challenging and usually needs to be confirmed by EEG, since the clinical signs are often subtle and nonspecific. 15 Clinical suspicion of NCSE arises in patients who have disturbances of consciousness without major motor phenomena (ie, ictal aphasia, hemiparesis, or akinesia). In the most extreme forms, when the patient is in coma, only the EEG can reveal epileptiform or rhythmic discharges that lead to diagnosis. It is noteworthy that EEG can also present patterns of undetermined ictal significance, such as lateralized periodic discharges (LPDs). A rapid diagnosis is crucial, however, to initiate appropriate antiepileptic treatment and to look for underlying conditions.
In NCSE, different neuroimaging methods can demonstrate signs of focal cerebral hyperperfusion and increased metabolism, which could be theoretically useful either to diagnose status epilepticus or to localize the brain regions involved by ictal activity. Single-photon emission computed tomography (SPECT) and PET imaging have been used in this context in select patient populations. 16, 17 Both techniques were useful to establish the diagnosis of focal SE when clinical elements were equivocal or the EEG did not show clearcut epileptiform abnormalities in patients with an already established epilepsy diagnosis. SPECT and PET can help to delineate the epileptogenic area in view of a possible resective surgery or clarify the origin of SE when MRI and EEG data are incongruent. Neither PET nor SPECT, however, can be used in the context of the emergency department when the clinician faces a possible NCSE patient. On the contrary, computer tomography perfusion (CTP) and MR perfusion (MRP) sequences have become routinely available in everyday clinical practice. Perfusion sequences can reveal localized ictal hyperperfusion represented by high relative cerebral blood volume (rCBV) and cerebral blood flow (rCBF; Figure 2 ).
The use of CT perfusion has been proved feasible and with good sensitivity to detect focal hyperperfusion in NCSE in 2 retrospective studies. 18, 19 Both studies reported a sensitivity of 77%-78% with good (hemispheric/lobar) concordance with respect to subsequent EEG. In both studies CT perfusion was acquired within 3 hours from seizure onset, since the patients were evaluated for a diagnosis of possible acute ischemic stroke. Compared to MRI, the shorter acquisition time of CTP may be favorable for patients who require critical monitoring, who may neither be able to tolerate the time required to undergo MRI nor able to provide a clinical history to fulfil the safety criteria for an MRI. Recently, arterial spin labeling (ASL), a noninvasive and repeatable perfusion imaging technique that uses magnetically labeled water in the blood as an endogenous tracer, has been used successfully to diagnose focal SE. 20 Two studies have specifically evaluated the sensibility of ASL in small groups of patients with NCSE. 21, 22 Indeed, ASL showed increased perfusion in 100% of the patients when imaging was ictal 22 and in the 63% of the patients when MRI was peri-postictal. 21 Moreover, acquiring MRI allows the use of other sequences to evaluate periictal brain tissue alteration. DWI abnormalities were associated with increased perfusion in a percentage of patients, ranging from 50% to 73%. Of interest, DWI alterations were present when the MRI was acquired in SE of longer duration. 21 These reports highlight that first comes hyperperfusion and then MRI alterations suggestive of vasogenic/cytotoxic injury.
Another point of interest offered by perfusion techniques in the clinical evaluation of seizures, and in particular of NCSE, is the demonstration of hypoperfusion patterns. Simultaneous appearance of hypoperfusion with normal CT/MR angiography is a clue toward the diagnosis of a postictal state (see Figure 3) . This has potential clinical relevance in the decisionmaking process and allows the avoidance of unnecessary treatments. 23, 24 It is noteworthy that postictal hypoperfusion can often be seen across different vascular territories, suggesting that mechanisms other than local neuronal inhibition is responsible for the perfusion deficit. In animal models, prolonged ictal activity results in sustained postictal cerebral vascular dysfunction, with a markedly impaired neurovascular coupling capacity. This may play a causative role in postictal hypoperfusion (and the related behavioral deficits, in analogy to Todd's palsy) and can be initiated by a variety of different mechanisms. 25, 26 It is important to note that hypo-perfusion can be responsible by itself for tissue hypoxia and must be considered as a potential source of neuronal damage.
26,27
4 | PERIICTAL IMAGING
ALTERATIONS AND EEG
One important issue raised by studies on MRI during/after SE refers to the possibility that some EEG patterns might be associated with imaging biomarkers of reversible or irreversible tissue damage. As a consequence, it is of paramount importance to know a time threshold that is critical to develop such tissue changes. previous articles that fulfilled the following 3 criteria to get some key messages on these points: (1) retrospective or prospective studies on patients with EEG-confirmed diagnosis of SE; (2) MRI examination including FLAIR, DWI, and ADC sequences; and (3) EEG characteristics obtained in the peri-MRI period. We have not considered case reports or case series collected exclusively on the basis of neuroimaging features. Table 2 shows the included studies. We considered 8 studies that evaluated principally NCSE cases, for a cumulative evaluation of 497 patients and an overall occurrence of periictal MRI abnormalities in 123 subjects (25%). The frequency of periictal alterations was quite variable, ranging from 12% to 100% of examined patients. Notably, when imaging was acquired within the first 24-hour post-SE onset, the percentage of positive findings was between 50% and 100%: overall 46 of 65 patients (71%) showed MRI alterations. This means that within 24 hours of SE onset (or SE duration) the majority of the patients shows some kind of imaging abnormalities. At the same time this finding also implies that the majority of the observed alterations are transient, considering that MRI at longer time points are more frequently negative. These studies also underscore that in the great majority of the patients with observed MRI alterations, the EEG was positive for focal epileptic discharges and/or LPDs (or other rhythmic epileptic EEG transient). These findings can support the probable "aggressive" nature of LPDs that could be viewed as an ictal EEG pattern (see Figure 4 for an exemplificative personal case), or more conservatively, they represent an EEG biomarker of tissue alteration.
Finally, in the few studies in which the authors performed a statistical comparison of SE duration in cases with and without MRI lesions, it was observed that SE duration correlated positively with the appearance of MRI alterations. 22, 33 These results must be interpreted with caution giving the prevalence of retrospective and small studies. Moreover, the reported findings are limited to adults with symptomatic/cryptogenic status.
| CONCLUSION
Neuroimaging techniques give an important contribution in the management of status epilepticus. They can improve the clinical management of individual patients with SE identifying hemodynamic patterns that support the diagnosis. Moreover, MRI periictal abnormality can show SErelated reversible and/or irreversible alterations. To improve our knowledge and to understand the type and the timing of the EEG patterns that are associated with signs of neuronal damage it will be necessary to develop large prospective studies in which imaging techniques and EEG recordings are acquired closely. This knowledge would be of high importance to define the proper time window for intervention to prevent irreversible tissue alterations.
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